The autoimmune regulator (Aire) plays a critical role in central tolerance by promoting the display of tissue-specific antigens in the thymus. To study the influence of Aire on thymic selection in a physiological setting, we used tetramer reagents to detect autoreactive T cells specific for the Aire-dependent tissue-specific antigen interphotoreceptor retinoid-binding protein (IRBP), in the polyclonal repertoire. Two class II tetramer reagents were designed to identify T cells specific for two different peptide epitopes of IRBP. Analyses of the polyclonal T-cell repertoire showed a high frequency of activated T cells specific for both IRBP tetramers in Aire −/− mice, but not in Aire +/+ mice. Surprisingly, although one tetramer-binding T-cell population was efficiently deleted in the thymus in an Aire-dependent manner, the second tetramer-binding population was not deleted and could be detected in both the Aire −/− and Aire +/+ T-cell repertoires. We found that Aire-dependent thymic deletion of IRBP-specific T cells relies on intercellular transfer of IRBP between thymic stroma and bone marrow-derived antigen-presenting cells. Furthermore, our data suggest that Aire-mediated deletion relies not only on thymic expression of IRBP, but also on proper antigen processing and presentation of IRBP by thymic antigen-presenting cells.
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autoimmunity | uveitis T hymic tolerance mechanisms play an important role in preventing autoimmunity. A key mediator in thymic tolerance is the Autoimmune Regulator (Aire), a transcriptional regulator that is highly expressed in medullary thymic epithelial cells (mTECs) (1) . Aire promotes the expression of peripheral tissuespecific self-antigens (TSAs) in mTECs for the purpose of tolerizing self-reactive T cells to these TSAs. Both patients and mice with defects in Aire develop multiorgan autoimmunity, reinforcing the importance of this process in controlling immune tolerance (2) . Several organ-specific autoimmune diseases in the Aire-deficient model can be linked to a failure in the appropriate thymic expression of a given TSA under the control of Aire (3) (4) (5) (6) . Autoimmunity in the eyes of Aire-deficient mice arises as a response against the retina-specific protein interphotoreceptor retinoid binding protein (IRBP) (3) . IRBP is expressed in the thymus in an Aire-dependent fashion, and thymic transfer of IRBP-deficient thymi into athymic (nude) WT hosts is sufficient to induce posterior uveitis (3) .
To date, the detection of Aire-mediated thymic negative selection has relied on the use of T-cell receptor (TCR) transgenic mice (7, 8) . In these TCR transgenic models, the TCRs are specific for model foreign antigens, and "neo"-self antigen expression is provided by a second transgene where the model antigen is expressed under the control of a tissue-specific promoter that results in mTEC expression. Although such transgenic models have been instructive in demonstrating the potential role of Aire in negative selection, the physiological meaning of these studies is limited by a number of factors, including the elevated precursor frequencies of the transgenic T cells, the timing of transgenic TCR expression, and how well the "neo"-self transgene mimics expression of TSAs in mTECs (9) . Thus, it is not clear how complete or efficient Aire-dependent deletion of autoreactive T cells with TSA-reactivity is in the polyclonal setting.
Previous studies have established a method for detecting rare antigen-specific populations in the setting of a polyclonal T-cell repertoire (10) (11) (12) . Here we used that approach to study Airemediated thymic deletion of IRBP-specific T cells, and found that autoreactive T cells specific for a peptide epitope of IRBP is deleted via an Aire-dependent mechanism, whereas T cells specific for another epitope of IRBP escape Aire-mediated thymic deletion.
Results
Design and Validation of IRBP-Specific Tetramer Reagents. Given that posterior uveitis in Aire-deficient mice is dependent on a CD4 + T-cell response to IRBP (3), we sought to develop tetramer reagents to detect such cells in the polyclonal repertoire. To identify an immunoreactive epitope of IRBP for tetramer loading, we generated CD4 + T-cell hybridoma clones from Aire −/− animals on the C57BL/6 (B6) background that were immunized with fulllength IRBP protein emulsified in complete Freund's adjuvant (CFA). By screening with a combination of truncated constructs of IRBP and peptide scanning, we identified a CD4 + T-cell hybridoma clone, LB4, that was specific for a peptide epitope of amino acids 271-290 of the IRBP protein (Fig. S1) . Screening of the 271-290 region narrowed the reactive epitope down to 277-290, which is what we used to generate a tetramer reagent (Fig. S1 ).
Immunoreactivity to different peptide epitopes of IRBP has been reported in B6 mice that are Aire-sufficient (13) . To identify additional peptides for tetramer design, we analyzed the epitopes defined by Cortes et al. (14) using the Immune Epitope Database computer-modeling program. IRBP(771-790) was predicted to have high-affinity binding for the I-A b MHC molecule and was selected to generate a second tetramer reagent.
We determined the affinity of the two peptides for I-A b binding through a peptide competition assay (15 (1, 3) . To determine whether P2-specific and P7-specific tetramer frequencies could be correlated with the development of autoimmune uveitis, we segregated tetramer analyses on the cohort of 10-to 20-wk-old Aire −/− mice based on the presence or absence of histological uveitis. Aire −/− mice with uveitis had higher frequencies of both P2-specific and P7-specific cells compared with Aire −/− mice with no eye disease ( Fig. 2 A and B) . Furthermore, in Aire −/− mice with uveitis, P2-specific and P7-specific cells showed evidence of expansion based on up-regulation of CD44 on tetramer-binding cells (Fig. 2C) . We also detected higher frequencies of such cells in the eye-draining cervical lymph nodes, submandibular lymph nodes (17) , and spleen compared with other lymphoid organs (Fig. 2D) . Taken together, these data demonstrate a dramatic increase of tetramer-positive cells in Aire −/− mice with uveitis, and suggest that proliferation in the eye-draining lymph nodes and in the spleen drives expansion of these cells during active disease. Mice. We analyzed a cohort of young (4 wk) Aire +/+ and Aire
P2-Specific Precursors Can Be Expanded in Aire
mice for the development of uveitis at 3 wk after immunization with P2 or P7 in CFA (Fig. S5 ). Uveitis developed in five of six Aire −/− mice after immunization with P2 in CFA, compared with two of six Aire −/− mice after immunization with P7 in CFA. In contrast, no WT mice developed uveitis after immunization with either P2 or P7 in CFA, and no Aire −/− mice developed uveitis in the absence of immunization at 7 wk of age ( Fig. S5) (1) . These data support previous work demonstrating that P2-specific cells are more pathogenic than P7-specific T cells (13) . Taken together, these data suggest that Aire mediates the deletion of pathogenic, high-avidity, P2-specific T cells to prevent autoimmune uveitis. Detection of Thymic Deletion of P2-Specific, but Not P7-Specific, CD4 + CD8 − Thymocytes. We next sought to determine whether the difference in the precursor frequency of P2-specific cells in Aire +/+ and Aire −/− mice could be explained by thymic deletion of P2-specific T cells. Because the frequency of tetramer-binding thymocytes is extremely low in the polyclonal repertoire (19) , four thymi from Aire +/+ and Aire −/− mice were pooled for each analysis using the tetramer enrichment technique. Representative flow cytometery plots of CD8 single-positive (SP) thymocytes showed low nonspecific tetramer staining of thymocytes compared with that of peripheral T cells, resulting in a lower LOD (Figs. 1B and 4) . More P2-specific CD4 + CD8 − thymocytes were detected in Aire −/− thymi compared with Aire +/+ thymi; however, the difference in the number of P7-specific CD4 + CD8 − thymocytes in Aire +/+ and Aire −/− thymi was not consistent (Fig. 4) .
Thymic Antigen-Presenting Cells Preferentially Present P2 Peptide
Epitope over P7 Peptide Epitope. To explain the difference in thymic selection between the two IRBP epitopes, we hypothesized that the P7 epitope might not be effectively presented in the thymus despite its high affinity for I-A b (Fig. S2 ). In other model systems, alternative splicing of protein in the thymus compared with peripheral tissues can result in a differential display of peptide epitopes (20) . However, because both the P2 and P7 epitopes are contained within the same exon of IRBP, we reasoned that differential display of IRBP in the thymus and periphery could not have been due to alternative splicing. We next considered whether differences in antigen processing and presentation of the two epitopes within the thymus could explain the differential display. To test this hypothesis, we used T-cell hybridomas specific for either the P2 or P7 peptide of IRBP to detect both peptide and whole antigen presentation efficiency by antigen-presenting cells (APCs). T-cell hybridoma lines were stimulated with irradiated splenocytes pulsed with either P2 or P7 peptide. The P7-specific hybridomas (A2, E4, and F8) were specifically stimulated by the P7 peptide, and the P2-specific hybridoma (LB4) was specifically stimulated by the P2 peptide, with similar dose-response curves in all four clones (Fig. 5A) . We next stimulated the P2-specific and P7-specific hybridomas with sorted thymic CD11c + CD45 + APCs loaded with whole IRBP protein from a mouse eye extract (Fig. 5B ). APCs loaded with eye extract stimulated the P2-specific hybridoma (LB4), but did not stimulate any of the P7-specific hybridomas (A2, E4, and F8). The LB4 hybridoma could not be stimulated with APC loaded with eye extract prepared from IRBP −/− eyes, confirming that LB4 is specific for an IRBP peptide epitope (Fig. 5B) . Thus, thymic APCs loaded with IRBP seem to preferentially present the P2 peptide over the P7 peptide, despite the fact that P2 has a lower affinity for I-A b compared with P7 (Fig. S2) . These data support the hypothesis that P2-specific thymocytes are deleted more efficiently than P7-specific thymocytes because the P2 epitope is presented more efficiently by thymic APCs. Although preferential presentation of the P2 epitope by APCs in thymus might account for the low frequency of P2-specific thymocytes, we detected a high frequency of antigen-experienced (CD44 high ) P2-and P7-specific T cells in Aire −/− mice with uveitis (Fig. 2) . We hypothesized that APCs in the periphery could present the P7 epitope on inflammation in vivo. To test this hypothesis, we investigated the expansion of P7-specific T cells after immunization with murine eye extract as a source of IRBP protein. We found that immunization with whole IRBP resulted in the expansion of P7-specific cells in all Aire −/− mice and at least some Aire +/+ mice (Fig. 5C ). Thus, it appears that the P7 epitope can be presented by APCs loaded with whole IRBP in the context of immunization-driven inflammation in vivo.
Deletion of P2-Specific T Cells Involves Intercellular Transfer of IRBP.
We previously mapped thymic IRBP expression to the mTEC compartment (3); however, whether mTECs directly present IRBP to the developing thymocyte repertoire, or whether IRBPantigen is transferred to other thymic APC populations to promote negative selection, is unclear. To examine this question, we generated bone marrow (BM) chimeric mice by transfer of WT or CIITA −/− BM into WT irradiated hosts. Animals reconstituted with CIITA −/− BM will express MHC class II only on thymic epithelial cells, and not on hematopoetically derived thymic APCs. We analyzed thymi from reconstituted mice for the frequency of tetramer-binding thymocytes. Mice reconstituted with CIITA −/− BM had a higher frequency of P2-specific thymocytes compared with mice with WT BM (Fig. 6) , indicating that the deletion of these T cells is heavily dependent on class II expression on BM-derived APCs. In contrast, no significant difference was seen in the frequency of P7-specific thymocytes in mice reconstituted with WT or CIITA −/− BM (Fig. 6 ), reinforcing the finding that P7-specific cells do not undergo negative selection because of a lack of P7 presentation in the thymus. Taken together, these data demonstrate that intercellular transfer of IRBP between Aire-expressing mTECs and BM-derived APCs plays an important role in the negative selection of P2-specific T cells.
Discussion
In this study, we developed two tetramer reagents to demonstrate that Aire +/+ and Aire −/− mice have distinctly different frequencies of IRBP-specific T cells in their polyclonal T-cell repertoires. We found that thymic deletion of P2-specific T cells is highly dependent on Aire, as demonstrated by the detection of little or no P2-specific T cells in Aire +/+ mice even after immunization. In contrast, T cells specific for the P7 epitope of IRBP are detectable and expand after immunization in Aire +/+ mice. This difference appears to be related to differences in antigen processing by thymic APCs that pick up the IRBP antigen from mTECs, because both peptide epitopes bind to the I-A b complex. These results provide several important insights into Aire-mediated selection in the more physiological setting of a polyclonal repertoire.
IRBP expression within the thymus maps to mTECs, where it is expressed at relatively low levels and requires robust PCRbased methods for reliable detection (3) . In addition, TSA expression within individual Aire-expressing mTECs appears to be stochastic, with only limited subsets of mTECs expressing a given TSA (21, 22) . Despite these low expression levels and the scattered distribution of TSA expression within the mTEC compartment, our results clearly demonstrate that thymic deletion mediated by such endogenous TSAs is remarkably efficient in the polyclonal setting. The relatively limited spatiotemporal expression of TSAs suggests that additional processes, such as chemokine-mediated migration of APCs to TSA-expressing mTECs and extensive APC scanning by thymocytes, help ensure that the developing T-cell repertoire is exposed to the full array of TSAs present in the medullary compartment (23) (24) (25) (26) . We also found that deletion of P2-specific T cells relies on intercellular transfer of IRBP between the radioresistant mTEC compartment and BM-derived thymic APCs. Thus, such a handoff also might improve the efficiency of thymic deletion by allowing a larger number of cells to display the P2 epitope beyond the mTEC cells that are the expression source of the IRBP antigen. Although we have demonstrated the importance of hematopoetically derived APCs in the negative selection of P2-specific cells, in this study we did not address the extent of negative selection that occurs via direct presentation of IRBP by mTECs. Aire-expressing mTECs can present self-antigens via autophagy, and this mechanism has been shown to play an important role in central tolerance (27) . Further study is needed to determine the extent of thymic deletion of IRBP-specific T cells via presentation of antigen by Aire-expressing mTECs.
In contrast to P2-specific cells, T cells specific for the P7 epitope of IRBP are not efficiently deleted in the thymus, despite the P7 epitope's higher binding affinity for I-A b . Differential deletion of T cells specific for different epitopes of a single autoantigen has been described previously (28, 29) . However, unlike in previous studies, here we found that the lack of autoreactive T-cell deletion can arise from inefficient presentation of particular peptide epitopes, like P7, by thymic APCs. Despite the fact that P7-specific T cells escape thymic deletion in Aire +/+ mice, these mice do not spontaneously succumb to uveitis, even on immunization with P7 in CFA (Fig. S5) . We speculate that this is due to the fact that the P7 epitope is also inefficiently presented by APCs loaded with endogenous IRBP antigen in the eye-draining lymph nodes. Thus, tolerance to the eye is maintained despite the persistence of a detectable pool of IRBP-specific T cells in the polyclonal repertoire.
In the absence of Aire, both P2-specific and P7-specific T cells are detectable in the T-cell repertoire. With the onset of active uveitis, the frequency of both P2-specific and P7-specific T cells increases in Aire −/− mice, and both populations exhibit up-regulation of the activation marker CD44. Our findings suggest that the expansion of the P7 population with uveitis might be related to the phenomenon of epitope spreading (30) . We propose a model in which the P2-specific response drives the initial stages of uveitis and the resultant damage to the posterior eye allows subsequent presentation of the P7-specific epitope by APCs. In support of our idea that the P2 epitope is pathogenic-specific and a driver of uveitis, previous work has demonstrated that P2-specific cells can induce uveitis in an adoptive transfer model (13) . In addition, we found that immunizing young Aire −/− mice with P2 peptide in CFA led to the development of uveitis at a time point before spontaneous disease would normally arise in Aire −/− mice ( Fig. S5 ) (1) . Taken together, these data support the hypothesis that P2-specific cells may be able to initiate disease, whereas P7-specific cells may accelerate disease pathogenesis in autoimmune-susceptible hosts such as Aire −/− mice. Further studies are needed to more closely analyze the relative pathogenicity of P2, P7, and other epitopes of IRBP in this model system.
Our development of a P2-specific tetramer provides a valuable tool to directly assess defects in negative selection to an endogenous self-antigen within a polyclonal repertoire. Recent work has suggested that genetic defects in genes other than Aire (e.g., CCR7, RANK-L, TRAF6, Bim) also may affect central tolerance to thymic TSAs (31) (32) (33) (34) . Application of our P2-specific tetramer reagent in such mutant strains and in other models that invoke defects in central tolerance will allow for a more refined assessment of their potential effect in the maintenance of thymic tolerance.
We have demonstrated that thymic deletion to a naturally occurring TSA in the thymus, IRBP, can be detected in the polyclonal repertoire using a tetramer enrichment technique. We found that deletion of P2-specific cells relies not only on Airedependent thymic expression of IRBP, but also on proper antigen processing and presentation of IRBP by thymic APCs. In contrast, P7-specific T cells escape negative selection but remain quiescent in the periphery until the introduction of IRBP in the context of inflammation. Therefore, it will be of interest to investigate how hidden self-epitopes like P7 are revealed to autoreactive T cells and may serve as targets to obstruct the autoimmune process.
Materials and Methods
Mice. Aire −/− mice were generated as described previously (1) . IRBP −/− mice were provided by R. Caspi (National Institutes of Health, National Eye Institute, Bethesda, MD) (35) . CIITA −/− mice were purchased from Jackson Laboratory (36) . All mice were on the C57BL/6 background (>10 generations) and were housed in a pathogen-free barrier facility at the University of California at San Francisco in compliance with Animal Welfare Act and National Institutes of Health guidelines.
Tetramer Analysis. Tetramers were generated by J.J.M. as described previously (10) . Tetramer staining is described in detail in SI Materials and Methods.
Histology. Uveitis was identified based on the presence or absence of histological infiltrates and tissue disruption/damage in the retina (37) . Further details of slide preparation are provided in SI Materials and Methods.
Immunization. Mice were immunized with 100 μg of P2 or P7 peptide emulsified in 100 μL of CFA. Further details of mouse immunization are provided in SI Materials and Methods.
Hybridoma Generation and Stimulation. Hybridomas were generated according to standard protocols (38) . Details of hybridoma generation and stimulation are provided in SI Materials and Methods.
BM Chimeras. BM was depleted of T cells using antibodies specific for CD4 (GK1.5) and CD8 (YTS-169) and rabbit complement (Pel-Freez Biologicals). Depleted BM was resuspended at a final concentration of 10E6 cells/mL, and 100 μL was injected into WT or CIITA −/− C57BL/6 recipients that had received a lethal dose of irradiation (500 × 2 rads). After 5-6 wk, thymocytes from chimeras were analyzed for tetramer reactivity.
Statistical Analysis. Statistical analyses were performed by the unpaired, onetailed, Mann-Whitney test using Prism (GraphPad Software). The limits of detection were calculated as described by Armbruster et al. (16) .
